Reverse-transcription PCR assays were used to measure levels of NMDA receptor (NR) subunit mRNAs encoding splice variants of NRl (NRla, -exon 5; NRI b, +exon 5) and the major NR2 subunits (NR2A, NR2B, and NR2C) in dissociated cerebellar granule cell cultures. Cultures chronically exposed to 25 mM KCI or 100 PM NMDAI15 mM KCI, which promote survival by stimulating Ca z-t influx through voltage-sensitive Ca2+ channels or NRs, were compared with 5 mM KCI culture conditions, which results in limited cell survival attributable to a lower level of NR stimulation by ambient glutamate.
Among the ionotropic glutamate receptors, the NMDA receptor (NR) is unique in being both ligand-and voltage-gated (Mayer et al., 1984; Nowak et al., 1984) and in demonstrating a high Ca"/ Nat permeability ratio (MacDermott et al., 1986) . Activation of these receptor channels is required for synapse stabilization and refinement (Constantine-Paton et al., 1990) , long-term potentiation (Bliss and Collingridge, 1993) , regression of supernumerary climbing-fiber synapses with Purkinje neurons (Rabacchi et al., 1992) , and granule-cell migration (Komuro and Rakic, 1993; Rossi and Slater, 1993; Forrest et al., 1994) . Regulated expression of distinct heteromeric forms containing an obligatory NRl subunit, with eight possible variants generated by alternative splicing of three exons, in combination with at least one of four NR2 subunits contributes to the diversity of excitatory synaptic responses (Nakanishi, 1992; Hollmann and Heinemann, 1994; McBain and Mayer, 1994) . Moreover, alterations in Ca2+ flux through NRs may provide a feedback system that regulates subunit composition to subserve the different physiological requirements of developing and mature neurons (Scheetz and Constantine-Paton, 1994) ; however, this hypothesis has not been tested.
Epigenetic programs that define expression patterns of several genes and receptor systems characterize discrete stages of granule-cell migration and differentiation in cerebellar cortex (Hatten and Heintz, 1995) . A potentially relevant example is the pattern of neuronal activity at developing mossy fiber-granule cell glutamatergic synapses (Ito, 1984) , which has been modeled in dissociated granule-cell cultures. Increased Ca*+ influx caused by long-term exposure of cultures to 25 mM KC1 or NMDA, proposed to mimic mossy-fiber activity in viva, is positively correlated with enhanced granule-cell survival, differentiation, and NMDA responsiveness (Lasher and Zagon, 1972; Balazs and Hack, 1990; Balazs et al., 1992; Bessho et al., 1994) . Alternatively, survival and differentiation are compromised (Gallo et al., 1987) and NRs apparently are downregulated or are not expressed (Cox et al., 1990 ; Van der Valk et al., 1991) in cells cultured in 5 mM KCI, although these cells have not been well characterized because of poor survival after 6 d in vitro (DIV). In fact, the requirement for at least a low level of NR stimulation by ambient glutamate is supported by the observation that inclusion of NR antagonists in the culture medium suppresses the limited cell survival (Balazs et al., 1988a) . Also, a preliminary report suggests that cells cultured in 5 mM KC1 develop synapse? with functional NRs (Irving et al., 1992) . Thus, the subpopulation of cells that survives in 5 mM KC1 may express a sufficient number of functional NRs to support further differentiation of the endogenous phenotype. A comparison of granule cells cultured under different conditions should provide a physiologically relevant mode1 to test the hypothesis that different types of neuronal activity in developing neurons can modulate the expression pattern of NRs.
In this study, reverse transcriptase (RT)-PCR assays for distinct NR subunit mRNAs were used to compare the effects of longterm NR activation or depolarization with 25 mM KC1 with the low level of NR activation obtained with a physiological concentration of KC1 in developing cerebellar granule-cell cultures. (Gallo et al., 1987; 'Balazs eraI., 19&a; Didier et al., 1989; Moran and Pate], 1989). RNA isolation.
Whole-cell RNA was isolated from cerebellar granule cells in culture or from whole rat hippocampus and cerebellum (PNO, PN7, PN12, and PNl9) by the guanidinium-isothiocyanate method described by Chomczynski and Sacchi (1987) . After the final ethanol precipitation, the RNA pellet was suspended in sterile water. The concentration and purity of RNA were assessed with a spectrophotometer using nucleotide absorption at 260 nm .and ratio at 2601280 nm (nucleotideiprotein), respectively. XT. Whole-cell RNA was used in an RT reaction to produce cDNA for use as template in PCR (Ldmbolcz et al., 1992 
NR2B (B&I), and (4) NR2C (scar).
The reaction was performed in a final volume of 10 ~1 as follows. After PCR, four 5 ~1 aliquots from each PCR sample tube were placed in four sterile tubes and maintained at 4°C. To each of the four tubes were added the following:
(1) 5 ~1 of sterile H,O or 3 ~1 of sterile H,O + 1 ~1 of supplied buffer + 1 ~1 of (2) BpmI (2 U), (3) Bfi?I (5 U), and (4) tograph of an ethidium bromide-stained agarose gel depicting the products obtained after PCR amplification of linearized plasmids containing inserts for NR2A, NR2B, or NR2C. Equal aliquots of samples containing each of the three amplicons were incubated in the presence (+) or absence (-) of their corresponding restriction enzyme. In each case, a 547 bp amplicon that was digested completely with the appropriate restriction enzyme yielding two fragments of the predicted size was obtained.
The strategy of designing oligonucleotide primers that recognize homologous sequences in the three NR2 cDNAs to produce an amplicon corresponding to the sum of NR2A, NR2B, and NR2C in a sample of total cell RNA simplifies the PCR protocol because a common pair of primers is used. Because there are one or two mismatches between the primers and the complementary sequences in NR2B and NR2C, however, known quantities of plasmids were coamplified in the presence of [a-"'P]dCTP and were quantified to verify that a greater efficiency of amplification of one (i.e., NR2A) or more cDNAs did not occur under the conditions of assay. Preferential amplification of NR2A, NR2B, or NR2C cDNA was not observed when levels of input cDNAs for the different transcripts were varied over a lo-fold range ( To compare levels of NR2 subunit-specific mRNAs accurately in a given sample of total cellular RNA, the cycle number and the amount of input RNA were adjusted in accordance with the relative abundance of these transcripts and the efficiency of the PCR. Figure 1C is a photograph of an ethidium bromide-stained agarose gel depicting the amount of amplicon produced when Figure I . RT-PCR analysis of NR2A, NR2B, and NR2C subunit-specific mRNAs. A, Schematic diagram delineating the approximate region in the common coding sequence of all three NR2 subunit cDNAs (hatched segmeant) specified by oligonucleotide primers. Their respective positions (NR2A, NR2B, NR2C) were 1370, 1373, or 1364 (sense) and 1896,1899, or 1890 (antisense). The predicted fragment size derived after cleavage of each specific amplicon with its corresponding restriction enzyme is shown below. B, Ethidium bromide-stained agarose gels (1.5%) depicting total uncut 547 bp amplicon obtained after PCR amplification of linearized plasmids containing NR2A, NR2B, or NR2C alone (left) or NR2A + NR2C in 1:l (I:IA+C) or 1O:l (l@M+C) ratio (right), respectively (the use of radiolabeled nucleotide during PCR ensured that the proportion of radiolabeled amplicons was in accordance with the proportion of input cDNAs), and specific cleavage fragments derived from incubation of an aliquot of amplicon in the presence (+) or absence (-) of BpmI (for NR2A), B&I (for NR2B), and ScaI (for NR2C). No cleavage product was observed when plasmid was incubated with one of the other restriction enzymes (data not shown). The gel lanes marked 0 represent the molecular-weight marker Hue111 digest of 0X174 that was used as a standard. C, Ethidium bromidestained agarose gel (1.5%) depicting the amount of 547 bp amplicon produced when 0.1, 0.2, 1.0, or 5 ng of input RNA from cerebellar granule cells was used in the RT-PCR assay. The gel lane marked 0 represents the molecular-weight marker Hue111 digest of 0X174 that was used as a standard, with sizes (in bps of several constituent cleavage products shown on the left. cDNA derived from 0.1, 0.2, 1.0, or 5 ng of input RNA from granule cells was used in the PCR assay. On this basis, 0.5-2.0 ng of input RNA typically was used in the NR2 PCR assay to enable adequate visualization of amplicons and derivative fragments on ethidium bromide-stained gels.
The reliability of the NR2 RT-PCR assay was evaluated further in PN7 and PN12 rat hippocampus and cerebellum, which provided data for direct comparison with previously published in situ hybridization analysis of NR2 mRNAs at PN7 and PN12 (Monyer et al., 1992 (Monyer et al., , 1994 Watanabe et al., 1992 Watanabe et al., , 1994 . In situ data indicate that NR2B and NR2D mRNAs are expressed widely in embryonic but not adult neurons, whereas NR2A is the most abundant message in adult forebrain and NR2C is highly enriched in and largely restricted to the granule-cell layer in adult cerebellar cortex. Figure 2 , A and B, shows photographs of ethidium bromide-stained agarose gels depicting the total amount of amplicon (lane 7) and fragments derived by digestion of equal aliquots of the amplicon with different restriction enzymes specific for NR2 (Zurtes A-C) corresponding to the relative proportions of mRNAs in PN7 or PN12 hippocampus and cerebellum. In each sample, amplified 547 bp product, representing the sum of NR2A + NR2B + NR2C in a given sample of input RNA, was the major product obtained. As expected, both brain regions expressed significant levels of NR2B mRNA at PN7, whereas NR2A and NR2C were the most abundant transcripts in hippocampus ( Fig.  2A) or cerebellum (Fig. 2B) , respectively, at PN12. Similar proportions of NR2 mRNAs were observed over a range of input RNAs (0.2-1.0 ng). induction of NRSA and NR2C and downregulation of NRSB mRNAs by 25 mM KCI or NMDA Primary cultures of cerebellar granule cells were maintained for 4-14 DIV in the presence of 25 mM KCl. Whole-cell RNA was harvested before plating cells (0 DIV) or after increasing DIV, and RT-PCR was performed. Figure 3A is an ethidium bromidestained polyacrylamide gel depicting the amplified cDNAs corresponding to total NR2, and NR2A, NR2B, or NR2C mRNAs at 0 DIV. The relative proportions of NR2 mRNAs at 0 DIV were estimated by repeating the assay in the presence of [o(-32P]dCTP. In five separate cell preparations examined, NR2B was the predominant transcript, with lower, but detectable, levels of NR2A and NR2C (NR2A, 19.0 -C 2.5%; NR2B, 63.2 t-5.6%; NR2C, 17.8 i-4.7%; n = 5). After 5-7 DIV in the presence of 25 mM KCl, cells demonstrated the morphological features of the differentiated phenotype with elaborate neurite processes interconnecting groups of cell clusters, as verified using phase-contrast microscopy. Figure 3B is an ethidium bromide-stained gel depicting the total amount of 547 bp amplicon (lane 7') and the corresponding amounts of NR2A, NR2B, or NR2C mRNAs expressed in the same preparation of cells after 5 or 10 DIV. The predominant transcript after 5 DIV is NR2A. After 10 DIV, similar amounts of NR2A and NR2C mRNAs were expressed, with no apparent change in the total amount of 547 bp amplicon. Simultaneous digestion with all three restriction enzymes (Fig. 3B, lanes A-C) produced fragments corresponding to NR2A and NR2C mRNAs, with no remaining uncut amplicon. No template was observed in the absence of added RNA or RT (data not shown). In 6 of 6 cell preparations performed on different litters, the predominant transcript in cells examined at 4-5 DIV was NR2A, with barely detectable levels of NR2B and undetectable levels of NR2C. In 7 of 9 different cell preparations examined at 7-14 DIV, the amounts of NR2B mRNA were below the limits of detection, and levels of NR2C gradually increased and often became the predominant transcript. In 2 of 9 cell preparations examined at 7-14 (Note: the fragments derived from amplicon cleavage were not always sufficiently abundant to permit visualization on ethidium bromide-stained gels.) B, Whole-cell RNA was harvested from the same granule-cell preparation at 5 DIVand 10 DlVand processed for RT-PCR as described above, except that samples were resolved on agarose gels. The gel lane marked ABC corresponds to a sample that was digested with all three restriction enzymes simultaneously. A minor band migrating just above the 547 bp amplicon was observed in several granule-cell preparations and was specifically cleaved by BpmI. The identity of this minor amplicon remains to be determined.
The gel l ane marked ABC represents the molecular-weight marker Hue111 digest of 0X174 that was used as a standard.
DIV, NR2A remained the predominant transcript, with low levels of NR2C and no NR2B. Although the bnset of NR2C mRNA expression was variable among cultures (7-10 DIV), once induced, levels increased gradually with increasing DIV. Longer times in culture were not examined because cells deteriorate by 16-18 DIV. The relative proportions of NR2 mRNAs in cultures chronically exposed to 25 mM KC1 were estimated by repeating the assay in the presence of [a-32P]dCTP. In three separate cell preparations examined at 4-5 DIV, NR2A was the predominant transcript (~95% of total), with low, but detectable, levels of NR2B and no detectable NR2C. In six separate cell preparations examined at 12-14 DIV, levels of NR2A and NR2C were comparable and NR2B was undetectable (NR2A, 46.8 5 7.4%; NR2C, 49.5 + 7.8%; y1 = 6). To determine whether NMDA substitutes effectively for 25 mM KC1 in promoting expression of NR2A and NR2C subunit mRNAs and downregulating NR2B mRNA, a series of experiments was performed using cells cultured in 100 FM NMDA/lS mM KCl. Figure 4A is an ethidium bromide-stained gel demonstrating the total amount of uncut amplicon (lane T) and the relative proportions of NRZA, NR2B, and NR2C mRNAs at an early (5 DIV) and later (10 DIV) stage of granule-cell development. Similar to cells cultured in 2.5 mM KCl, NR2A was the predominant transcript at 5 DIV, whereas NR2C expression became apparent by 10 DIV. Figure 4B depicts the relative levels of mRNAs corresponding to NR2A, NR2B, and NR2C in a different cell preparation in which NR2C mRNA expression was induced at an earlier time. By 7 DIV, NR2C mRNA was the predominant transcript, and it remained predominant compared with NR2A at 13 DIV. NR2B mRNA was below the limits of detection at both stages. In this preparation, NR2A was the most abundant transcript, and a minor amount of NR2B was detectable at 5 DIV (data not shown). Qualitatively similar results were obtained in 3 of 3 cell preparations examined at 4-5 DIV and in 5 of 5 cell preparations examined at 7-14 DIV. These data indicate that the earliest detectable NR alterations in neurons cultured in the presence of 25 mM KC1 or NMDA are an increase in NR2A and decreases in NR2B and NR2C mRNAs compared with freshly dissociated cells examined at 0 DIV. With increasing DIV, there is a gradual increase in expression of NR2C mRNA, whereas NR2B mRNA becomes undetectable. J. Neurosci., January 15, 1996, 16(2):631-639 635 Expression of NR2 mRNAs in the presence of 5 mM KCI Previous reports indicate that cells cultured in 5 mM KC1 preferentially respond to non-NR ligands as opposed to NR ligands (Cox et al., 1990; Van der Valk et al., 1991) , suggesting that NRs are downregulated or are not expressed under these conditions, which have been designated to be "activity-independent." To determine the activity dependence of NR2A, NR2B, and NR2C mRNA expression, granule cells were cultured in 5 or 25 mM KCl. RNA was harvested after different periods of time and subjected to RT-PCR. Cell survival and differentiation are compromised in 5 mM KCl, and phase-contrast microscopic analysis showed significant and progressive cell deterioration beginning at -6-7 DIV. Accordingly, recovery of whole-cell RNA in six different granule-cell preparations extracted at lo-14 DIV in 5 mM KC1 was 33.0 ? 2.8% (mean ? SEM) compared with cells cultured in 25 mM KC1 (lOO%;paired cultures). Figure 5A shows an ethidium bromide-stained gel comparing the total amount of uncut amplicon (larte r) and the relative proportions of NR2A, NR2B, and NR2C mRNAs at an early (5 DIV) and later (10 DIV) stage of granule-cell development in 5 or 25 mM KCl. With 5 mM KCl, NR2A is the predominant transcript at 5 DIV and significant levels of NR2B mRNA also are expressed compared with cells cultured in 25 mM KCl. Increased levels of NR2B transcript in cells cultured in 5 mM KC1 were observed in three of four preparations compared with cells cultured in 25 mM KC1 or NMDA. By 10 DIV, cells cultured in 5 or 25 mM KC1 were indistinguishable with respect to total amplicon and pattern of NR2 mRNA expression, with high levels of both NR2A and NR2C mRNAs and no detectable NR2B mRNA. In another cell preparation, both NR2A and NR2C mRNAs, but not NR2B mRNAs, were detectable in 5 mM KC1 cells at 7 DIV and, similar to cells cultured in the presence of 25 mM KCl, NR2C was the predominant transcript at 13 DIV (Fig. 5B) . In this preparation, NR2A was the most abundant transcript, and a small amount of NR2B was detectable at 5 DIV under both conditions (data not shown).
Prominent expression of NR2C mRNA was observed in 7 of 7 cell preparations cultured in 5 mM KC1 and examined at 7-14 DIV.
The relative proportions of NR2 mRNAs in paired cultures chronically exposed to 5 or 25 mM KC1 were estimated in five separate cell preparations at 9-12 DIV by including [cy-32P]dCTP in the PCR assay. In each case, the amounts were comparable with similar levels of NR2C and NR2A and undetectable levels of NR2B (5 mM KCl: NR2A, 46.8 -c 7.2%; NR2C, 50.1 t 7.8%; 25 mM KCl: NR2A, 51.1 ? 8.6%, NR2C, 47.5 t 9.2%; IZ = 5). These data indicate that the granule cells that survive after 9-12 DIV in 5 mM KC1 express similar proportions of NR2 mRNAs for a given amount of input RNA compared with cells cultured in 25 mM KCl.
Induction of NRI b mRNA by 5 mM, but not 25 mM, KCI or NMDA Granule cells demonstrate a pronounced developmental increase in the ratio of the NRlb variant containing an N-terminal insertion encoded by exon 5, compared with NRla, which lacks exon 5
(-lo-fold compared with adult rat forebrain neurons) (Nakanishi et al., 1992; Della Vedova et al., 1994; Laurie and Seeburg, 1994) . NRs containing NRlb exhibit altered sensitivities to several potentially important modulators of NR responsiveness compared with NRs containing NRla (McBain and Mayer, 1994) . To evaluate the effects of neuronal activity on induction of NRlb in granule-cell cultures, an RT-PCR assay was developed to distinguish between NRla and NRlb mRNAs. The oligonucleotide To verify the reliability of the RT-PCR assay, the proportions of NRla and NRlb in whole-tissue RNA derived from PNO or PN19 rat cerebellum were compared. Figure 6A is a photograph of an ethidium bromide-stained agarose gel demonstrating that amplicons of 288 and 354 bp corresponding to NRla and NRlb mRNAs, respectively, were the major products obtained. The predicted developmental increase in NRlb compared with NRla was observed between PNO and PN19. Similar results were obtained in three other preparations, including adult cerebellum and hippocampus, which contained predominantly NRlb and NRla mRNAs, respectively (data not shown). No product was visible in the absence of added RNA or RT, and the proportions of NRl variants were maintained over the range of input RNAs used in the assay (data not shown). Next, the influence of time in culture (4-5 vs lo-14 DIV) and activity (5 or 25 mM KC1 or NMDA/lS mM KCl) on expression of NRla and NRTb were compared. At 4-5 DIV under the three conditions of cell culture, NRla mRNA predominated, whereas NRlb made up <lo% of the total NRl transcript (%NRlb/NRla + NRlb: 5 mM KCl, 6.8 t-2.8%, n = 6; 25 mM KCl, 5.2 t l.l%, n = 9; NMDA/lS mM KCl, 0.4 -c 0.4%, or = 3). In contrast, a gradual induction of NRlb was observed in older cultures grown in 5 mM KC1 compared with cells cultured in 25 mM KC1 or NMDA/lS mM KCl, with no apparent change in the level of total NRl transcript (Fig. 6B ). Whole-cell RNAs extracted from several cell preparations at lo-14 DIV were assayed in the presence of [a-32P]dCTP, and NRl variants were quantified (%NRlb/NRla + NRlb: 5 mM KCl, 39.9 + 5.4%, IZ = 5; 25 mM KCl, 11.2 + 2.4%, n = 9; NMDA/lS mM KCl, 10.6 + 1.6%, n = 4). These data suggest that the greater levels of neuronal activity obtained with 25 mM KC1 or NMDA/lS mM KC1 inhibit expression of NRlb compared with cells cultured in 5 mM KC1 and in vivo cerebellum.
DISCUSSION
In addition to differences in receptor density (Tremblay et al., 1988; Monaghan et al., 1989) and second-messenger modifications (Kutsuwada et al., 1992) , regulated expression of NR subunits causing distinct heteromeric forms of the NR-channel complex contributes to the functional diversity of neuronal responses to glutamate (Moriyoshi et al., 1991; Ishii et al., 1993) . Although important information about the differential responsiveness of distinct NRs has been learned from experiments using transfected cells and oocytes, an advantage of cultured neurons is the presence of native receptors and signal-transduction systems. This provides opportunities to examine the physiological properties of cells expressing distinct NRs and the influence of epigenetic factors such as neuronal activity on subunit expression. In this report, dissociated cerebellar granule-cell cultures were selected for study because chronic exposure to elevated KC1 or NMDA promotes differentiation, survival, and further development of responsiveness to NMDA, which can be neurotoxic after -8 DIV (Lasher and Zagon, 1972; Balazs et al., 1988a,b; Burgoyne et al., 1988; Lysko et al., 1989; Moran and Patek 1989; Cox et al., 1990; Pearson et al., 1992) . These culture conditions enhance Cazt influx and mimic activity of glutamatergic mossy-fiber input to granule cells (Balazs and Hack, 1990) . Mossy fibers are not chronically active in vivo (Ito, 1984) however, and the neuronal differentiation observed in vitro appears to be premature (Gallo et al., 1987) . Moreover, recent immunochemical (Condorelli et al., 1993; Hack et al., 1995) and electrophysiological (Kamboj et al., 1995) data suggest that chronic exposure of granule-cell cultures to 25 mM KC1 induces expression of an immature non-NR subunit not observed in situ or in 5 mM KCl. Thus, although using media containing 25 mM KC1 or NMDA promotes survival and renders cells responsive to NMDA, the endogenous phenotype is not obtained. In contrast, cells grown in media containing 5 mM KC1 have been mostly ignored by investigators studying NR responses because substantial cell death is observed by 6-7 DIV (-70%; see. Gallo et al., 1987) and NMDA/glycine-evoked currents are essentially undetectable (Van der Valk et al., 1991) (but see Irving et al., 1992) . Inclusion of NR antagonists in the culture medium further reduces the limited cell survival in 5 mM KC1 (Balazs et al., 1988a) , however, and death of significant numbers of granule cells is a natural component of neurogenesis in cerebellar cortex. These observations indicate that ambient levels of glutamate acting on NRs are sufficient to support survival, and perhaps differentiation, of a subpopulation of cells grown in 5 mM KC1 and that the cell death observed at 6 DIV may recapitulate the naturally occurring process in vivo.
Levels of NR subunit mRNAs are positively correlated with levels of subunit protein (Sheng et al., 1994) and predicted electrophysiological properties of receptor channels composed of these subunits (Audinat et al., 1994; Farrant et al., 1994) . Therefore, application of the highly sensitive RT-PCR methodology to NR subunit mRNAs in granule cells should provide pertinent information about the subunit composition of functional receptors. Initial studies verified that temporal and spatial differences in the pattern of expression of NR subunit mRNAs in whole hippocampus and cerebellum determined by 6A) were consistent with in situ hybridization data (Monyer et al., 1992 (Monyer et al., , 1994 Watanabe et al., 1992 Watanabe et al., , 1994 . In situ granule-cell maturation is associated with the following: (1) prominent expression of NR2B mRNA during and downregulation of NR2B mRNA after migration from the external germinal to the internal granule layer, a process that begins shortly after birth and continues until PN21 (Ito, 1984) ; (2) induction of NR2A and NR2C mRNAs after the cells enter the internal granule layer; and (3) induction of NRlb, a spliced variant of NRl, containing an N-terminal insertion such that the ratios of NRlb/NRla mRNAs are -0.3:1 at birth, -1:l at PNlS-PN21, and -5:l in adult cerebellum (Nakanishi et al., 1992; Della Vedova et al., 1994) . Also, between PNlO and PN22 there is a gradual increase in the fast-to-slow component amplitude ratio corresponding to expression of kinetically rapid non-NRs compared with kinetically slow NRs concurrent with mossy-fiber innervation (D'Angelo et al., 1993) , and maturing cells in slices become less responsive to applied NMDA (Garthwaite and Garthwaite, 1986; Garthwaite et al., 1987) . In culture, NRla mRNA predominated at every stage in 25 mM KC1 or NMDA, whereas gradual induction of NRlb mRNA was observed in 5 mM KC1 (Fig. 6B) , similar to ratios of NRlb/NRla observed in situ. RT-PCR analyses of NR2 mRNA in whole cerebellum at PN7 (Fig. 2B) and granule cells at 0 DIV (Fig. 3A , prepared from PN8 cerebellum) confirmed that NR2B was the predominant transcript, with lower, but detectable, levels of NR2C and NR2A, possibly caused by maturing postmigratory cells. In culture, 25 mM KC1 or NMDA rapidly induced NR2A and downregulated NR2B, followed by gradual induction of NR2C after 7-12 DIV. Accordingly, single-channel analysis of granule cells in cerebellar slices supports the presence of NRs containing NR2A before PN14 and an additional type containing NR2C after PN14 (Farrant et al., 1994; Ebralidze et al., 1995) . Using Northern hybridization analysis, Bessho et al. (1994) also observed a rapid induction of NR2A mRNA (twofold increase within 24 hr) in response to NMDA or elevated KCl, although no appreciable changes were observed in other NR2 mRNAs, possibly caused by the use of relatively young cultures (no detectable NR2C) and/or insufficient sensitivity of the assay (no change in NR2B). In the present study, an early increase in NR2A and a delayed increase in NR2C expression were observed in cells grown in 5 mM KCl, but disappearance of NR2B occurred over a longer time course. Pending single-cell RT-PCR, we suggest that mRNAs from 5 mM cultures at 4-5 DIV come from two populations of cells containing different levels of NR subunit mRNAs. Those destined to survive (-30%) express proportionately higher levels of NR2A and lower levels of NR2B, similar to cells grown in 25 mM KCl, whereas those destined to be eliminated because of lack of NR stimulation (-70%) express high levels of NR2B, similar to immature cells at 0 DIV; this would account, therefore, for the apparent delay in NR2B downregulation when RNA from the mixed population was harvested and analyzed. Consistent with this theory, after 9-12 DIV in 5 mM KCl, the relative proportions of all three NR2 mRNAs in surviving cells were not significantly different from cells cultured in 25 mM KC1 (Fig. 5B) .
Collectively, these data suggest that receptor channels containing primarily NRla/NR2B predominate in migrating and early postmigratory cells, are downregulated rapidly in the presence of 25 mM KC1 or NMDA (or mossy-fiber activity in vivo) and, therefore, have an active role in migration but not differentiation (Komuro and Rakic, 1993; Rossi and Slater, 1993; Farrant et al., 1994) . Activation of and transduction mediated by these NRs in the absence of identifiable synapses may be facilitated by their higher affinities for glutamate and glycine, higher peak current, and longer offset decay time constant compared with NRs containing NR2A (McBain and Mayer, 1994) . At 3-4 DIV (or postmigration in vivo), as cells acquire dependence on neuronal activity for survival, a switch to NRs containing primarily NRla/ (Chazot et al., 1994) proceeds in conjunction with morphological, biochemical, and electrophysiological maturation of granule cells. NRlINR2C channels have several features that distinguish them from NRl/ NR2A channels, including higher affinities for glutamate and glycine, longer offset decay time constants, and a reduced sensitivity to voltage-dependent Mgzt block. In viva, these properties are predicted to enhance the response to glutamate such that less synchronous and weaker postsynaptic depolarizations would activate the receptor channel. A preliminary report examining the electrophysiological properties of granule cells in thin cerebellar slices revealed that the macroscopic NR-mediated synaptic current in NR2C-deficient cells was twice the amplitude of wild-type controls (Ebralidze et al., 1995) , indicating that inclusion of NR2C in synaptic NRs reduces net current flow.
The observed increase of NRlb only in cells cultured in 5 mM KC1 suggests the following: (1) the higher levels of neuronal activation obtained with long-term NMDA/lS mtvt KC1 or 25 mM KC1 inhibit induction of NRlb but not NR2C; and (2) NRlb synthesis and NR2C synthesis are regulated independently, despite the fact that both are induced at later stages of maturation in situ. NRs containing NRlb demonstrate a lower apparent affinity for glutamate and NMDA, increased sensitivity to protein kinase C activators, and reduced sensitivities to protons and polyamines compared with NRs containing NRla (Durand et al., 1992; Traynelis et al., 1995) . The sensitivity to protons may be especially relevant because at physiological pH, -50% of NRs containing NRla + NR2A, NR2B, or NR2D are responsive to glutamate, whereas NRs containing NRlb are fully active (Traynelis et al., 1995) . NRs containing either NRl variant plus NR2C are not sensitive to proton inhibition. Thus, NR sensitivity to inhibition by protons would be manifest early in granule-cell development (Traynelis and Cull-Candy, 1991) when NRla/NR2B or NRlaiNR2A predominate and would diminish gradually because of increased expression of both NRlb and NR2C subunits.
Further comparison of glutamate responses in primary cultures and slices will provide important insights into mechanisms by which NR activation regulates expression of distinct heteromeric forms of NRs to meet the different physiological requirements of developing and mature granule cells.
